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To save the robustness of type 2 fuzzy logic control technique and to avoid 
the high energy consumption that represents the sliding mode control (SMC) 
technique control technique, without failing the performance of the system, 
we propose a new fault tolerant control method based on gain-scheduled 
sliding mode control with interval type 2 fuzzy logic (FTCGST2FSMC) 
applied to the hydraulic system (two tanks system) with an actuator fault. The 
proposed control scheme avoids a difficult modeling, due to the chatter effect 
of the SMC, guarantees the stability studied by Lyapunov with the robustness 
of the system. The gains of the control with the SMC controller are modified 
and changed by an adaptation with a technique based on type 2 fuzzy logic, 
used to improve the gains of the controller when the fault is added, the 
proposed FTCGST2FSMC controller has been compared with the sliding 
mode controller. The results obtained confirm the robustness and the 
performance of this method, in the presence of the actuator fault effect. 
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1. INTRODUCTION 

With the process complexity and the increase in hardware or software technological elements that are 
often integrated into the control loops of nonlinear systems, fault tolerance control (FTC) has become one of 
the major concerns in the design of these systems [1]. A fault can be defined as a deviation, undesirable, or 
degradation of the characteristic and parametric properties of the system. A fault can appear in different parts 
of the system, malfunction, or total loss of the system. Three classes of faults can be defined, faults in the 
actuator, system components, or sensor faults [2]. Synthesis methods for FTC systems are generally classified 
into two main families: passive approaches (passive FTC systems: PFTCS) [3], [4] and so-called active 
approaches (active FTC systems: AFTCS) [5]. Passive methods are equivalent to robust control law synthesis 
methods. Active methods are generally classified into three subclasses: fault accommodation, system 
reconfiguration, and restructuring [1]. Research areas in recent years have been directed towards level control 
of single-tank or coupled multi-tank hydraulic systems, due to their great importance and many important uses. 
A large number of researchers have directed their research to passive or active liquid level FTC in the case of 
system, actuator, or sensor faults of a coupled tank system [6]. FTC control use a lot of control methods to 
achieve fault tolerance [6], the system is controlled from the distribution and disposal, in practical logic, in 
relative instructions examined in different degrees, in [7] propose a method of detecting and isolating the faults 
of the FTC control in the sensor part, based on the integration of the first farthest travel algorithm method 
originating from the data mining with data-based controls. statistical analysis, from the use of the window slip 
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technique to detect changes in control signals, many applications work on fuzzy logic (FL) [8], 
Himanshukumar in [9] used the FTC in the case of actuator and system faults, based on the technique of Takagi- 
Sugeno FL type 1 and 2 of the three reservoirs system, the author offers a control system inference method 
based on this Sugeno-type method. Fuzzy logic in the case where the priors are type 1 and type 2 fuzzy controls 
with FTC control applications for the case of servo control with or without fault and control in the regulation 
loop with the three types of faults. The work in [5] and [10] used an active fault accommodation method, fault 
detection and isolation (FDI) approach. This FDI approach is based on a prototype by fuzzy logic which 
represents the system power and the representation of faults with this prototype in the studied system applied 
to the three reservoirs system. In this study [11] a passive FTC (PFTC) with the comparison between classical 
proportional-integral (PI) and fuzzy controls, the objective is to design a PFTC for a single tank level system 
with the system (leakage) and sensor faults. FL is used to develop an FTC system. The practice of the artificial 
intelligence was effective in identifying designs and analyzing faults in systems [12]. Himanshukumar and 
Vipul [13] proposed a new fractional order controller based on type-2 FL with actuator and system (leakage) 
faults represented by an additive model. The artificial intelligence represented by the technique of the interval 
type 2 fuzzy logic (IT2FL) is used to create a fractional and optimal order fuzzy control system, and the tracking 
pollination algorithm with another genetic algorithm, the authors use these algorithms to optimize the gains of 
the proportional-integral-derivative (PID) controller. In [14] planned a method of passive control based on the 
theory of artificial intelligence represented by the type | and type 2 fuzzy controls of the one or two tank 
system, the authors in [15] proposed the interval type 2 fuzzy sliding mode (IT2FSM) for chaos coordination 
applied to uncertain chaotic systems, the gains can be changed in real time in the output feedback and the 
adaptive laws. It adjusted by the tradeoff between plant knowledge and control knowledge, from indirect 
adaptive IT2FSM controller and direct adaptive IT2FSM controller, in [16], [17] integrate the Backstepping 
with IT2FSM to controlled the twin rotor multi-input multi-output (MIMO) system (TRMS) in the presence of 
external distrubances. Almost with the same ideas, the work of [18] introduces a controller technique based on 
(IT2FLC), used in the photoelectric system to advance accuracy and steady-state robustness. The IT2FLC is 
used as an integrator gain control to regulate the on-off to access the dynamic switching type objective. We 
find many applications for this hybridation technique IT2FSM with or without combine with another artificial 
intelligence technique like Neural Network Interval, Backstepping, feedback linearization [19]-[24]. 

The FTC based on the first sliding mode control (SMC) technique is presented by Rafi and Peng [25] 
the objective is to perform this technique when the fault is integrated in the equivalent control of the SMC. The 
articles with Bouguerra et al., Zulfatman and Rahmat present adaptive methods of PID controller gains applied 
on a hydraulic system and a vertical flight system, respectively, the authors use artificial intelligence 
represented by FL and another method based on Luapunov theory [26]-[28], in [29] a fault-tolerant control 
system for controlling a quadcopter type aircraft with a faulty model with an actuator type fault is proposed in 
this work. The FTC in this case is based on the IT2FSM controller used to stabilize the quadcopter. 

In order to achieve the main objective of the work, the contribution of this paper is the application of 
the passive fault tolerant control using the the gain-scheduled besed on the hybrid control between of sliding 
mode with the interval type 2 fuzzy logic (FTCGST2FSMC), Since this controller with gain adaptation is the 
newest to determine controller gains, the proposed FTCGSF2S method was compared with sliding mode 
control without gain adaptation. This article is divided into five parts; mathematical modeling of the two tanks 
system is presented in section 2. Section 3 explains the FTCGSF2S controller method. The simulation results 
to validate the robustness of the proposed approach is presented in section 4. Finally, the conclusion in the 
present paper is driven. 


2. MATHEMATICAL MODELLING OF THE TWO TANKS SYSTEM 

This hydraulic system Figure 1 is composed of two reservoirs connected by a flow channel, a rotary 
valve serving to change the section of the channel and to convert the flow characteristics between the reservoirs 
[30]. The inlet of the two-tank system is associated by a variable-speed pump which releases water into tank 
1. The two equilibrium equations are given by, 


dh 1 
ae aor (—412 + 41) 

dhp 1 (1) 
We oe (912 — 0) 


where qo = Co 2gh2, Giz = C1zV 2g (hy — hz) for hy > hy, Cz = Sz.Az and Cyy = $42.4p. 
with h;(t): the level of the fluid in the reservoir i, C: the section of the two tanks 1 and 2, q,: the inlet flow 
generated by the pump, q,2: the movement between the two tanks, qo: the flow rate out of tank 2, c,: the part 
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of the coupling opening, c.: the area of the outlet orifice, g: the gravitation constant, s,.: the channel of section 
1, sz: the channel of section 2, and a,z, a,the release constants of valve | and valve 2, respectively. 


Pump 


Flow 1 


[ Qo 


Figure 1. Hydraulic system with combined reservoirs [30] 


Flow 2 


For the coupled reservoir system, the inlet fluid flow, g, = 0 is always positive, because the pump is 
continuously pumping water into tank 1. Lastly, the nonlinear model is given by, 


dh, 1 
= = 7 (Si2-di2y 2g(h1 — ha) + kp. u) 


(2) 
dh 1 
ae A (Sy2- A229 (hy — hz) — $2. AV 2ghz) 
yah, (3) 
With y is the output of our system. Were, 
has Umax if U2 Umax 
eae lo if uso (4) 
For this system, we define the state model [30], with, 
— (4) _ | 
x=[P]= (5) 
such as, 
ce alan meee an (6) 
Xp = —Ay.VX2—X, +k,.u 
YuX (7) 
sido = Suetrav?9 a, = Sete? k, = ua 


3. SLIDING MODE CONTROL DESIGN 
In control of systems, Variable structure or sliding mode control (SMC) is a robust nonlinear control 
method that alters the dynamics of a system by applying a discontinuous control signal that causes the system 
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to "slide" along a cross section, this technique is based on the switching of state variable functions used to 
create the sliding surface [31], [32]. The state feedback command law is not a continuous equation of time. 
Instead, it can hurdle from the first continuous structure to another related with the current position. 

In the first step we can choose the sliding surface as a linear function or nonlinear expression [33], 
[34]. which is written as a function of its degree and the deviation of the output from its desired value. It is 
sufficient that the vector [A)... An-1] generates a Huruitz polynomial so that the SM is asymptotic steady, the 
nonlinear surface is that of Slotine [33]. The sliding surface and the surface of slotine are given by, 


s(x) = Diet Aye: (8) 
s=(f+a™3 (9) 


The particular polynomial of the surface of Slotine [34], is s= (1+ 4) "1, where / is constant positive 
value, the tracking error ise = (x — xq)and xgis the trajectory reference. we explain the Lyapunov purpose 
with, 


V(x) =5S(x)? (10) 


To guarantee the solidity of the system, we will choose the Lyapunov purpose in a way that decreases over 
time, so the conditions given by, 


V(s) =s. $<—k.|s| ow V(s) <—k. sign(|sl) (11) 


such as k>0. To reduce the chatter phenomenon, we replace the sign function by a sat saturation function. In 
the second step we calculate the control law with two components: an equivalent component ug, (that is 


deduced from the condition $(x) = 0) proposed by Slotine and Li [33], and another component ug;¢ which is 
added as an auxiliary command to guarantee the attractiveness of the sliding surface, 


U = Ueg + Uget (12) 


4. GENERAL INFORMATION ON TYPE-2 FUZZY LOGIC 

The idea of type 2 fuzzy logic sets was introduced by Zadeh as an extension of type | fuzzy logic. So, 
the difference characterized in the inference part, choosing us as numbers in the interval [0-1] [35]. A type-1 
fuzzy set is characterized by a two-dimensional membership function, whereas a type-2 fuzzy set is 
characterized by a three-dimensional membership function. Below we highlight the five steps that explain the 
type 2 fuzzy logic. 


4.1. Fuzzifier 

A fuzzifier gives ordinary non-fuzzy input into fuzzy sets. These fuzzy sets can in general remain of 
type-2, therefore, we will consider in our paper a singleton type fuzzification for which the single-point fuzzy 
input whose membership value is non-zero. The type 2 membership function distributed several memberships 
ranks when comparing with the type 1 membership functions for all inputs then, one can represent the 
uncertainty with superior [36]. 


4.2. Rules 

The difference between the membership functions of the two types of fuzzy logic resides only in their 
natures of these functions; therefore, the composition of the rules remains the same for both types of fuzzy 
logic, so the difference lies in the nature of the membership functions; then, the j" rule of a type-2 fuzzy logic 
will have the procedure, 


Six, is F), and x2 is F/, and xis F/,, than y = G! (13) 
Where: x;(i = 1,...,7) are the entries of the fuzzy method, F’; is the type-2 fuzzy set conforming to the input 


x;, G/ is a type-2 singleton and yis the output. In this case the functions of membership are not obligatory of 
the same premises and consequences [31]. 


Fault tolerant control of two tanks system using gain-scheduled type-2 fuzzy sliding ... (Keltoum Loukal) 


1162 O ISSN: 2252-8938 


4.3. Inference engine 
As only the fuzzy type-2 sets are worn out and the product t-norms operation is applied, then the 
activation domain associated with the /” output fuzzy set is the interval type-1 fuzzy set represented by, 


Fia)=[f'@, Fel (14) 


where is = Hel (x1) * Hel (X2) *...* Met (Xn) and f! = Hp (x1) * Hpi (%2) *e pt (Xn). 
Termsp g1(x;,) andj ;1(x;) are respectively the lower and upper membership degrees relative to W,1(%;) [37]. 


4.4. Type reducer 

Like the type 2 fuzzy logic inference output, so it must restrict its type before the last defuzzification 
step to produce a real output. This is the main difference between the two types of fuzzy logic [36]. The 
expression of the GC type fuzzy set is defened by, 


beds [Th uz (z)*TL uw Zi] 
GCa = Licey . Nee dasewe : Tee, we wil Wi (15) 
with T and * indicate the chosen t-norm (prod or min). w; € W; and z; € Z; for i=1,2, n. 
a M i M ; z 
6G=J, telyi vr] Sy ely Monty Sy re[saF | Spm elpm din f'/ die ft y' a9 


4.5. Deffuzzifier 

For a type-2 fuzzy system, each output set of a rule is of type-2. In this context, there are generalized 
versions of defuzzification methods that can provide us with a type-1 set from the type-2 output sets. We call 
this operation “Type reduction” instead of defuzzification, and we call the resulting type-1 set “Reduced set”. 
The defuzzifier in a type-2 fuzzy system can then defuzzify the reduced set to obtain an ordinary non-fuzzy 
output for the type-2 fuzzy system. The summary type (16) will be solved by its two extreme right and left 
points y; and y, respectively. 


yx) = (x) + y-(x))/2 (17) 
where: y,(x) = DM, fiyi /Xla fi and y,(x) = DIG fyi / Dia fl. 


5. INTERVAL TYPE-2 FUZZY SLIDING MODE CONTROLLER DESIGN 

One of the main disadvantages of SMC is the chatter phenomenon, as it can loss the actuators with 
too recurrent solicitations. To minimize these oscillations, numerous solutions have been provided, such as 
gain adaptation & of the discontinuous control Ug¢t = —Krr2 Ugte With a continuous interval type-2 fuzzy logic 
control. The configuration of the method (FTCGST2FSMC) structure is exposed in Figure 2, 


Equivalent 
Control 


Attractiv Type/ Fuzzy 
oan pee in adaptive 


Figure 2. The structure of the FTCGST2FSMC controller 
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where ueg: represente the equivalent controller of SMC, wan is the discontinuous controller of SMC, u is the 
FTCGST2FSMC control. The membership functions of the fuzzy logic of the input, the error and the output k 
are obtainable by Figure 3, 

With NB: negative big, NM: negative medium, EZ: about zero, PM: positive medium and PB: positive big. 
The table of fuzzy rules which to be used or inference mechanism is given by, 


R1:if e is NG then k is PB 
R2:if e is NM then k is PM 
R3:if e is EZ then k is EZ (18) 
R4:if e is PM then k is NM 
R5:if e is PB then k is NB 


M (error) M(&) 


es ee 07 1 1 075-04 0201010204 0751 


Figure 3. The membership functions of the input error and the output k 


The membership functions of the input error and the output, gain k has been regularized in the interval 
[-1, +1]. And for the stability analysis, when the gain adaptive is negative, the condition V(s) = s. § <0 
would be satisfied automatically. So, the membership functions of the output descountinus control could be 
modified with negative or even positive sign to achieve healthier performance. 


6. CONTROL STRATEGY OF THE HYDRAULIC SYSTEM IN THE PRESENCE OF THE 
ACTUATOR FAULT 
The dynamics mathematic model (2) of the the two tanks system exposed in the initial part of this 
article can be written with, 


x = f(x,t)+g(x,t) uy, (19) 
where uy, = u + f(t) and f,(t)is the actuator fault, with |f{(€)| < |Umaxl- 


The actuator fault is assumed to be additive and modeled by an increase of H% in the control signals (rect). 
We assume that the fault appears at time ¢t = 125 s and disappears at time t = 135 s as shown in Figure 4. 


the fault 
15 
10 H% a 
= 
= 0 —— 
® 5 
Time (8 
a 2) (s) 
1) 50 100 150 200 
time (s) 


Figure 4. Type of the actuator fault added to command u 
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The function can be considered as a signal, 
fa(t) = H.rect() = u(t — ty) — u(t — t2) (20) 


such as rect: is the rectangular function, H: is the amplitude, 7: is the fault duration, rt: is the center of the 
rectangular function rect, u: is the the step function, wth: f2>t. In the first proposition we Consider the state 
space defined in (2), and let V remain a Lyapunov function V= (J/2) *s? and the sliding surface is chosen by 
s=é+2/.e, with e = x, —x,g.Tohave V = s. § negative, it suffices that: s. § < 0, 


: : . ake GyAgVXq Ay a2VXQ—X4 
V=s. § = layJxo — x1 — QoVxX, — 4g +A el[—a,? + ut —_ 4S 
[ 1 2 1 2 1 1d Il 1 2V%9—X 2V%q—Xq 2V%q 


—Xia + A é] 
(21) 
> = 2_ 2 ‘ [X1a-A e] ake [a,—a2VxX1-X1qtA e] 
V = AV X2 — X [2° — ay° —Xqg tAe+ ay oe | = 
+[ ay Sra een aoe - 2% (x, - x) — Bay (22) 
2? 
[a,? ans ae + Xa a Ne] X44 + [é + _ a a,? t— Xiqla e 
The control low is computed by: u = Ugg + Ugeeand Ugy, = —k1. s — k2. sign(s), with, 
- 2Vx2—%1 7 — 27 2_# ; [x1a-A e] 
ei 1a aS ey 5 {C AVX — X,[Ay* — 1° — X1qg +AE + a, We ) 
[A 
—Gay? ++ e+ ha + Qy ae \ao/x, +2 Se 2(X%2 — X1) + “ee k1. s—k2. sign(s) 
we 
—(a,? — az + Xa =; Ne) X14 + (é + as a,? 2 X1q)a e| 
(23) 


In the second propotition, the gain of the discontinuous control laws is calculated by interval type-2 fuzzy logic 
inference using the (17), then u = Ueg + kero Uate- 


7. SIMULATION RESULTS 

In this part of the article, we present the results of the simulations to demonstrate the robustness and 
the performance of the FTCGST2FSMC when practical to the two reservoirs system. The parameters standards 
of the hydraulic system as shown in Table 1. Two scenarios are represented in this work. The first scenario in 
the case of the system response without faults and the second scenario has actuator faults. 


Table 1. The parameters of the coupled reservoirs [30] 


Definition Parameter Value 

Section of each tank Cc 9350x10° m? 

; . : d Si2 78.5x10° m? 
Section of the variable opening of each valve 785x110 me 

ee pramies 6 (orp) 1 

Discharge coefficients ei 06 
Pump gain ky 450x10° m/s. v 
Sensor gain ks 41 v/m 
The gravitation constant g 9.81 m/sec? 


7.1. Case 1. Simulation without actuator faults 

The simulation results of the SMC and the FTCGST2FSMC hybrid without faults are shown in 
Figures 5 and 6 for a step reference. it can be seen that the proposed controller (FTCGST2FSMC) provides 
good trajectory tracking performance and allows us to cancel out the overshoot problem in the transient state 
when comparing the results with the SMC control. 
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7.2. Case 1 simulation with faults 

The actuator faults are expected additive and demonstrated by an increase 45% Umax in command 
signals, the simulation results of our method in the presence of the actuator faults are given in Figures 7 and 
Figures 8. From Figures 7 and 8 we notice that, in the case of the regulator (FTCGST2FSMC), when the 
actuator fault injected into the command u, the regulation and following errors and the value of the overshoot 
are low and that there is a respectable following of the desired trajectories and the control signals are relatively 
smooth, we can also see that the estimated parameters are bounded. whereas in the case of the regulator 
(FSMC), oscillations with large amplitude are observed, so the regulator (FTCGST2FSMC) reduces the effect 
of faults on the control performance with rapidly varying the values of the regulator parameters to quickly 
bring the system outputs to their desired values (t=125s and t=135s). We can see from Figures 5 to 8 that when 


the actuator faults occur, the value of k decreases to avoid the overshoot which may be caused by the increase 
in command u. 


tracking error (SMC) 9 command (SMC) output y (SMC) 
4 4 
~3 = 10 Es 
E 2 > 
5 ? = 2 
oO £ 0 5 
1 8 fs) 
1 SMC 
0 10 — — —Reference trajectory 
: 0 
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200 
time (s) time (s) time (s) 
Figure 5. Simulation results of SMC without actuator faults 
tracking error (FTCGSF2S) command (FTCGSF2S) output y of SMC and FTCGSF2S 
4 
a3 = 
—E 3 ‘ 
= 5 
Qo 2 £0 
© £ 
fo} 
1 o -5 FTCGSF2S 
— — —Reference trajectory 
0 - - ; ; SMC . 
0 50 100 150 200 ft) 50 100 150 200 0 50 100 150 200 
time (s) time (s) time (s) 


Figure 6. Comparison between the proposed method FTCGST2FSMC and the SMC without actuator faults 


tracking error (FSMC) 46 command (FSMC) 5 output y (FSMC) 
4 
the start of 4--- = 
_ actuator fault 
oe 3 = 10 = 
E the start of e = 2 the start of 
2 2 actuator fault = A 5 actuator fault 
o =. 0 3 
1 8 ° 
q FSMC 
0 -10 — — —Reference trajectory 
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200 
time (s) time (s) time (s) 


Figure 7. Simulation results of fault sliding mode controller (ESMC) with actuator faults 
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tracking error (FTCGSF2S) command (FTCGSF2S) output y of FSMC and FTCGSF2S 
5 —S<$—<$<—$— = $$, 
the start of 
10 actuator fault 
the start of = 5 
actuator fault 2 
o the start of 
£ 0 actuator fault 
E 
re) 
o 4 ——FTCGSF2s | 
— — —Reference trajectory 
-10 FSMC 
4 Ed . . . 
0 50 100 150 200 0 50 100 150 200 
time (s) time (s) time (s) 


Figure 8. Comparison between the FTCGST2FSMC controller and the FSMC with actuator faults 


7.3. Comparison between FTCGSF2S and FSMC 

To observe the different control laws proposed for this system, we carry out a quantitative comparison 
between the proposed FTCGST2FSMC and the FSMC, for this we describe three well-known performance 
criteria which are used [38]. These criteria related with the error, integral of the squared error (ISE), the integral 
of the absolute value of error (IAE), and the integral of the time multiplied by the absolute value of error 
(ITAE). The values obtained for each criterion are reduced in Table 2. We note that for the FTCGST2FSMC 
controller, the ISE, [AE and ITAE criteria take the lowest value, the answers drawn from Table 2 and Figures 
5-8 are confirmed with the figure of the comparison, where it is assumed that the FTCGSF2S controller is the 
best in response time where it is fast and good trajectory following. 


Table 2. Values of the performance criteria 


Control method ISE IAE ITAE 

without faults SMC 5.06x10°  6.13x10° 3x10" 
FTCGST2FSMC  4.47x10° = 5.24x10° —-.2.01x10* 

SMC 6.05x10°—-7.11x10° 4x10 


with faults ETCGST2FSMC 544x103 6.59x10?_3.03x10! 


8. CONCLUSIONS 

The work presented in this work summarizes the control of a hydraulic system with two tanks based 
on the FTCGSF2S regulator in the presence of an actuator fault. This involves developing an adaptive sliding 
mode control law using type 2 fuzzy logic (adapting the gain of the attractive control ua) in order to ensure 
tracking performance in the case of fault addition, while respecting the analysis of the global stability of the 
studied system. In a first step, we made a theoretical study with a modeling of this system, then the synthesis 
of the control by sliding mode with a hybridization by the type 2 fuzzy technique in the event of the presence 
of an actuator fault. The results obtained show that this regulation by FTCGSF2S presents good performances 
in terms of disturbance tracking and rejection. The superiority of FTCGSF2S method was confirmed by a 
comparative study using the three criteria, ISE, [AE and ITAE. 
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